It has been hypothesized that the macular carotenoids protect against age-related macular degeneration (AMD). In this study, the association between serum concentrations of carotenoids and the presence of AMD was evaluated in a case-control sample of elderly Chinese subjects. METHODS. Two hundred sixty-three individuals aged between 50 and 88 years enrolled in the study. Subjects included 82 cases with exudative AMD, 92 cases with early AMD, and 89 control individuals. Serum carotenoids (lutein, zeaxanthin, lycopene, ␣-and ␤-carotenes, and ␤-cryptoxanthin) and retinol were measured with reversed-phase high-performance liquid chromatography (HPLC). RESULTS. Serum levels of carotenoids and retinol were significantly lower in the cases with exudative AMD than in the controls. Median levels of lutein and zeaxanthin were 0.538 and 0.101 M, respectively, in the control subjects, and 0.488 and 0.076 M, respectively, in cases with exudative AMD. After adjustment for age, sex, smoking status, and body mass index (BMI), a significant inverse association was observed for exudative AMD with serum zeaxanthin (relative risk ratio [RRR], 0.04; 95% confidence interval [CI], 0 -0.35), lycopene (RRR, 0.22; 95% CI, 0.1-0.48), and ␣-carotene (RRR, 0.24; 95% CI, 0.12-0.51). Early AMD was inversely associated only with lycopene (RRR, 0.49; 95% CI, 0.28 -0.86) but was positively associated with ␣-carotene (RRR, 2.22; 95% CI, 1.37-3.58). No significant associations were observed between serum lutein and cases with early or exudative AMD. CONCLUSIONS. The data suggest that higher levels of serum carotenoids, in particular zeaxanthin and lycopene, are associated with a lower likelihood of having exudative AMD. Serum levels of carotenoids were relatively higher in this Chinese cohort than in samples of other ethnicities in previous reports. (Invest Ophthalmol Vis Sci.
A ge-related macular degeneration (AMD) is a degenerative disease of the macula characterized by clinical signs ranging from the early stage of macular drusen to the advanced stage of ingrowth of new blood vessels into the subretinal space or geographic atrophy. [1] [2] [3] It is the advanced stage of the disease that destroys the macular structure and function, leading to irreversible blindness in the elderly population if untreated or untreatable. 4 -6 Because there is no cure for advanced AMD and limited treatment is available to slow its progression, it is important to identify modifiable risk factors that may reduce disease occurrence or prevent progression of the disease from the early to the advanced stage.
The pathogenesis of AMD is likely to involve a complex interaction of genetic and environmental factors 7, 8 that may be promoted by chronic inflammation, 8, 9 oxidative stress, 10 and light-induced damage. In recent years, there has been increasing speculation that the xanthophyll carotenoids lutein and zeaxanthin play a role in the pathogenesis of the disease. 11, 12 Lutein and zeaxanthin are the main constituents of the macular pigment, which are primarily located in the inner retinal layers of the macula and may protect the photoreceptors against light-induced damage and oxidative stress by their ability to absorb high-energy blue light and by their antioxidant properties. 13 These carotenoids are entirely of dietary origin. Therefore, blood or retinal levels of carotenoids can be modified by dietary change or supplementation. Epidemiologic and clinical studies have suggested that low dietary intake and low blood or retinal levels of carotenoids were associated with an increased risk of AMD, 11,14 -18 but not all observational studies could confirm these results. 19 -24 In the Chinese population, the prevalence of AMD is lower than among Caucasians. 25, 26 In addition to the differences in genetic susceptibility, 27 ,28 a traditional Chinese diet with a higher intake of carotenoids 29 may contribute to the relatively lower prevalence of AMD in the Chinese population. Whether the higher intake of carotenoids can prevent the development of AMD remains unclear.
In the present study, we sought to further address this question by investigating the relationship between serum levels of carotenoids and the presence of AMD in a case-control cohort of elderly Chinese subjects. To our knowledge, this is the first report on serum levels of carotenoids and their association with AMD in a Chinese population.
SUBJECTS AND METHODS

Subjects and Clinical Evaluation
The study participants were recruited from June 2007 to December 2008 through a community-based eye disease-screening program in urban Beijing and among the outpatients visiting the Beijing Tongren Hospital. All study participants were unrelated native Chinese from the greater Beijing area. Subjects aged 50 years or older with or without signs of early or late AMD were invited to participate in the study. Exclusion criteria included any contraindications to pupil dilation, advanced cataract or other conditions that impeded a clear view of the retina, or patients with other eye diseases, such as glaucoma, uveitis, and chorioretinal diseases other than AMD. Patients with diabetes were also excluded. The study protocol was reviewed and approved by the Ethics Committee of the Beijing Tongren Hospital. Informed consent was obtained from all participants, and the procedures used conformed to the tenets of the Declaration of Helsinki for research involving human subjects.
All participants were interviewed with a standardized questionnaire. Information regarding demographic characteristics, smoking habits and medical history was obtained. Height and weight were measured, and the body mass index (BMI) was calculated. All subjects underwent a comprehensive ophthalmic examination, including visual acuity measurement, slit lamp biomicroscopy, and detailed fundus examination, performed by a retinal specialist after pupil dilation with 0.5% tropicamide and 5% phenylephrine. Stereoscopic mydriatic 30°c olor fundus photographs were taken from both eyes with a digital fundus camera (Carl Zeiss Meditec, Oberkochen, Germany) centered on the fovea. Patients with exudative AMD were examined and the diagnosis confirmed by fluorescein and/or indocyanine green fundus angiography.
The presence and severity of macular lesions were assessed based on the presence and size of drusen, pigment abnormalities, and other macular lesions. 30 In this study, late AMD was defined as the presence of signs of exudative AMD 27 or geography atrophy. 30 Early AMD was defined as the presence of intermediate (Ն63 but Ͻ125 m) or large (Ն125m) drusen with or without pigment abnormalities in the absence of late AMD. Individuals were selected as control subjects based on the presence of a normal fundus or having only a few (Ͻ10) small drusen (Ͻ63 m) without pigment abnormalities in both eyes.
Measurement of Serum Carotenoids
Fasting blood samples were collected from participants in serum separator tubes with no anticoagulant and were protected from exposure to direct light during processing. The samples were allowed to stand at room temperature for 30 minutes for coagulation and then were centrifuged at 1000g for 10 minutes. Serum was collected by pipette and stored at Ϫ80°C until analysis for carotenoids and retinol.
The serum was prepared for extraction by adding 150 L of sample into 850 L of 0.9% saline. Echinenone (the kind gift of Kemin Health USA, Des Moines, IA) and retinyl acetate in ethanol were added as internal standards. The mixture was extracted by using 3 mL of chloroform/methanol (2:1, vol/vol). The mixture was vortexed and then centrifuged at 800g for 10 minutes. The chloroform layer was removed and evaporated to dryness under nitrogen. A second extraction was performed on the mixture with 3 mL of hexane. The mixture was vortexed and centrifuged as above. The hexane layer was combined with the first extraction (chloroform layer) and evaporated to dryness under nitrogen. The residue from the serum was redissolved in 200 L of ethanol, vortexed, and sonicated for 30 seconds. A 20 L aliquot was used for high-performance liquid chromatography (HPLC).
The reversed-phase HPLC system consisted of a pump (600E LC; Waters Corp., Milford, MA), a C 30 column (Develosil C30-⌴G; 3.3 m, 150 ϫ 4.6 mm; Nomura Chemical Co. Ltd., Japan), and a UV detector (model 2487; Waters). The data were collected and analyzed using PC-800 Software (not commercially available). The HPLC mobile phases were methanol:methyl-tert-butyl ether:water (83:15:2, vol/vol/ vol, with 1.5% ammonium acetate in H 2 O, solvent A) and methanol: methyl-tert-butyl ether:water (8:90:2, vol/vol/vol, with 1% ammonium acetate in H 2 O, solvent B). The gradient procedure at a flow rate of 1 mL/min was as follows: The procedure began at 100% solvent A before going to 95% solvent A and 5% solvent B over a 1-minute linear gradient. This step was followed by a 3-minute hold at 95% solvent A; a 1 minute linear gradient to 90% solvent A and a 1 minute hold at 90% solvent A; a 15-minute linear gradient to 45% solvent A and a 1-minute hold at 45% solvent A; an 11-minute linear gradient to 95% solvent B; a 4-minute hold at 95% solvent B; and finally a 2-minute gradient back to 100% solvent A. The system was held at 100% solvent A for 10 minutes for equilibration back to the initial conditions. The carotenoids were quantified by determining peak areas in the HPLC chromatogram and were calibrated against known amounts of standards. The carotenoids and echinenone were detected at 450 nm. Retinol and retinyl acetate were detected at 325 nm. Carotenoid standards were from DSM Nutritionals (DSM Nutritionals, Basel, Switzerland).
Statistical Analysis
Statistical analysis was performed with the R statistical analysis package. 31 Mean Ϯ SD or median (minimum, maximum) were computed for continuous variables. Frequencies and percentages were computed for categorical variables. ANOVA was used to compare means of continuous variables in the controls, the cases with early AMD, and the cases with late AMD. Data that were not normally distributed were transformed by taking the square root. The Kruskal-Wallis test was used if the data were not normally distributed. Tukey multiple comparisons or Wilcoxon rank sum test was used to compare means or median between two groups when a significant difference was shown by ANOVA or the Kruskal-Wallis test. The association between sex and smoking status and early or exudative AMD groups was examined with the 2 test. Polytomous logistic was used for multivariate analysis. The relative risk ratio (RRR) and 95% confidence intervals (CI) were calculated. The statistically significant level was set at P Ͻ 0.05.
RESULTS
A total of 263 subjects participated in the study, including 89 (33.8%) control subjects with normal bilateral fundus, 92 (35%) cases with early AMD in one or both eyes, and 82 (31.2%) cases with exudative AMD in at least one eye. Based on angiograms, 56 (68.3%) of the 82 cases with exudative AMD were classified as having typical AMD with choroidal neovascularization, 17 (20.7%) with polypoidal choroidal vasculopathy (PCV), and 9 (11%) could not be classified. Large drusen (Ͼ125m) were identified in seven typical AMD cases, three PCV cases, and two unclassifiable cases. There were no statistically significant differences in age, sex, BMI, smoking habits, and serum concentrations of carotenoids and retinol between typical AMD and PCV cases (data not shown). Only one case with atrophic AMD was identified during recruitment and was excluded from the study.
The general characteristics of the study subjects are shown in Table 1 . The percentage of men was 32.6% in the controls, 28.3% in the cases with early AMD, and 61% in those with exudative AMD (P Ͻ 0.001). More patients with exudative AMD were current or past smokers than were those with early AMD (P Ͻ 0.001) or controls (P Ͻ 0.001). No statistically significant differences in age and BMI were found among the control subjects and cases with either early or exudative AMD. None of the participants in this study reported the regular use of lutein and/or zeaxanthin supplements.
The serum concentrations of carotenoids and retinol are shown in Table 2 . Serum levels of carotenoids and retinol were not normally distributed, and a statistical comparison was made with the Kruskal-Wallis test. The data showed that serum concentrations of lutein, zeaxanthin, ␤-carotene, lycopene, and retinol tended to decline with increasing severity of AMD. Serum concentrations of ␤-cryptoxanthin and ␣-carotene were lower in the cases with exudative AMD, but higher in the cases with early AMD, than in the control subjects. The serum concentration of lutein was lower in the cases with exudative AMD than in the control subjects (P ϭ 0.038), but there was no significant difference between the cases with exudative AMD and those with early AMD (P ϭ 0.42). The serum concentration of zeaxanthin in the cases with exudative AMD was significantly lower than in the controls (P Ͻ 0.001) or in the cases with early AMD (P Ͻ 0.001). Serum concentration of ␤-carotene and retinol in the cases with exudative AMD was also significantly less compared with the controls (P ϭ 0.002 and P Ͻ 0.001, respectively), but was similar between the early AMD group and the controls (P ϭ 0.37 and P ϭ 0.13, respectively). Serum concentration of lycopene decreased significantly in cases with exudative AMD compared with the control subjects (P Ͻ 0.001) or to the cases with early AMD (P Ͻ 0.001). Compared with the control subjects, serum concentrations of ␤-cryptoxanthin and ␣-carotene were significantly lower in the cases with exudative AMD (P ϭ 0.003 and P Ͻ 0.001, respectively), but were higher in the cases with early AMD (P ϭ 0.071 and P Ͻ 0.001, respectively).
The relationships between the serum carotenoids were evaluated ( Table 3 ). The highest correlation was found between lutein and zeaxanthin (r ϭ 0.72). The other correlation coefficients ranged from 0.01 for lycopene and ␤-cryptoxanthin to 0.49 for ␣-and ␤-carotene.
The RRR for AMD was calculated according to the concentration of serum carotenoids and is presented in Table 4 . After adjustment for age, sex, smoking status, and BMI, a significant inverse association was observed between exudative AMD and serum levels of zeaxanthin (RRR, 0.04; 95% CI, 0 -0.35), ␣-carotene (RRR, 0.24; 95% CI, 0.12-0.51), and lycopene (RRR, 0.22; 95% CI, 0.1-0.48). However, ␤-carotene was positively associated with exudative AMD after adjustment (RRR, 2.36; 95% CI, 1.3-4.29). No significant association was observed between the levels of serum lutein and exudative AMD. On comparison of early AMD with the control after adjustment, an association remained significant only with ␣-carotene and lycopene. The association with early AMD was observed to be inverse with lycopene (RRR, 0.49; 95% CI, 0.28 -0.86) but positive with ␣-carotene (RRR, 2.22; 95% CI, 1.37-3.58). No association was identified between early AMD and serum levels of lutein or zeaxanthin.
DISCUSSION
We conducted a case-control study to assess the association between serum levels of carotenoids and the risk of AMD in a Chinese population. Carotenoids are known antioxidants 32 and results from the Age-Related Eye Disease Study (AREDS) suggest that supplemental antioxidants delay the progression of AMD. 33, 34 Our data showed that the serum levels of all carotenoids measured, including lutein, zeaxanthin, lycopene, ␣-carotene, ␤-carotene, and ␤-cryptoxanthin, were significantly lower in cases with exudative AMD than in control subjects. Serum concentration of retinol was also significantly lower in the exudative AMD patients than in the controls. After adjustment for age, sex, smoking status, and BMI, a significant inverse relationship was found between serum concentrations of zeaxanthin, lycopene, ␣-carotene, and exudative AMD. However, serum ␤-carotene showed a twofold increased risk of exudative AMD after adjustment. In the cases with early AMD, lycopene continued to be a protective factor, but ␣-carotene became a risk factor after adjustment. These data suggest that high circulating levels of carotenoids, in particular zeaxanthin and lycopene, are associated with reduced risk of AMD. In agreement with a previous report, 16 we found that serum carotenoids were highly intercorrelated, with the highest correlation found between lutein and zeaxanthin.
Evidence regarding the association between carotenoids and AMD has been inconsistent. For example, a multicenter eye disease case-control study with 356 cases of advanced AMD and 520 control subjects found that higher dietary intake of lutein and zeaxanthin was strongly associated with a reduced risk of AMD. 17 The Blue Mountains Eye Study, a population-based cohort study of 2454 subjects, also found that higher dietary intake of lutein and zeaxanthin reduced the risk of the long-term incidence of AMD. 35 Other studies, however, showed no correlation between serum levels of lutein and/or zeaxanthin and the risk of AMD. 19 -24 Consistent with the findings of Gale et al., 11 in the present study we found a statistically significant protective effect of serum zeaxanthin against exudative AMD after adjustment. Such a protective effect against AMD was not observed for lutein although the serum levels of lutein were relatively lower in AMD groups than in the controls. Our data suggest that zeaxanthin may have a more powerful protective role against AMD than does lutein. Although both are the main constitutes of macular pigment, lutein and zeaxanthin may have unique functions in the retina. It has been demonstrated, for example, that the distribution of these two carotenoids differs, with zeaxanthin dominant in the central fovea and lutein dominant in the peripheral macula. 11 The ratio of zeaxanthin to lutein is approximately 2:1 in the fovea, 1:1 in the peripheral macula, and 1:5 in the serum, showing that the fovea preferentially accumulates zeaxanthin. 16 It should be noted, however, that approximately one half of the zeaxanthin found in the fovea is meso-zeaxanthin which is derived from lutein. 36, 37 Lutein and zeaxanthin also differ in their orientation within biological membranes. 11 Although both protect the lipid membranes from light-induced oxidative stress and free radical attack, zeaxanthin has been shown to be a better photoprotector during prolonged exposure to ultraviolet radiation and to be particularly effective in protecting lipid membranes against oxidation by peroxyl radicals. 16 Our finding that the risk of AMD was significantly associated with low levels of zeaxanthin, but not lutein, suggests that the use of the sum of these xanthophyll carotenoids in previous investigations may have obscured evidence of a protective role for zeaxanthin. More studies are needed on the specific functions of lutein and zeaxanthin and their relation with AMD on both the biological and epidemiologic levels.
In the present study, lycopene was the only carotenoid showing a statistically significant protective effect against both early and exudative AMD, but with a more powerful protection against exudative AMD. This result is consistent with the report from the Beaver Dam Eye Study. 21 Cardinault et al. 22 also reported a significant inverse association between serum level of lycopene and the occurrence of AMD in a relatively small study sample. In addition, lycopene intake was associated with reduced risk of prostate cancer and cardiovascular disease. 38 Unlike lutein and zeaxanthin, lycopene is not found in the retina, 39 suggesting that the protective role of lycopene may be systemic rather than local, although lutein and zeaxanthin may also have a systemic effect. Being a strong antioxidant, lycopene protects lipids, lipoproteins, proteins, and DNA from oxidative processes and thus has potential anticarcinogenic and antiatherogenic effects. 38 The strong protective role of lycopene against both early and exudative AMD, as demonstrated in our study and others, should be investigated further.
It has been reported that ␤-carotene may have potentially harmful effects among smokers, with an increased risk of lung cancer among smokers taking daily ␤-carotene supplements. 40, 41 After adjustment for age, sex, smoking status, and BMI, our data showed that serum level of ␤-carotene was associated with a 2.36-fold increased risk of exudative AMD but not with early AMD, suggesting that the observed association between ␤-carotene and exudative AMD is not fully explained by smoking. The finding of an association between higher serum levels of ␤-carotene and an increased risk of exudative AMD is in agreement with the report of the Blue Mountain Eye Study. 35 The AREDS and the Rotterdam Study, 34, 42 however, reported reduced risk of AMD with higher dietary intakes of ␤-carotene. Most other studies on serum carotenoids showed no statistically significant association between ␤-carotene and the risk of AMD.
16,21,43 Therefore, our result for ␤-carotene Data are the RRR (95% CI) adjusted for age, sex, smoking status, and body mass index. The original data were transformed by taking square root before correlation analyses and the control subjects were used as reference group.
* P Ͻ 0.01. † P Ͻ 0.001. ‡ P Ͻ 0.05. should be regarded with caution. Increased serum concentrations of ␣-carotene showed a protective effect against exudative AMD but had a 2.2-fold increased risk for early AMD. We do not have a reasonable explanation for this result. Further studies are needed to confirm the observations in regard to the effect of ␣-and ␤-carotene on AMD. Serum levels of retinol and ␤-cryptoxanthin did not show significant association with the risk of AMD after adjustment. It is interesting to note that the average serum levels of carotenoids in this study, in particular lutein and zeaxanthin, were higher in comparison with those of the previous reports in other ethnicities (Table 5) . 11,19 -23,38,43-52 Differences in serum carotenoids between populations have been reported in other studies. 38, 47 Many factors affect the serum levels of carotenoids, the most important one being dietary intake. 53 Other dietary factors such as dietary fat, fiber, food matrix, and food preparation or processing may also affect the carotenoid bioavailability or serum response and thus could influence the relationship between intake and serum concentrations. 48 Serum levels of carotenoids are also influenced by other factors such as age, sex, ethnicity, smoking, education, body fat, BMI, and exercise. 48, 50 In the present study, all participants consumed the traditional Chinese foods throughout their lives, which contain high amounts of lutein-and zeaxanthin-rich vegetables. 29 This explanation is the most likely one for the higher serum levels of carotenoids in the studied subjects compared with those in ethnicities evaluated in other studies. The higher serum levels of lutein and zeaxanthin may contribute to the relatively lower prevalence of AMD in the Chinese population.
There are limitations of our study. The cross-sectional design of the study was only able to detect associations, but not the temporal sequence or causality, between serum levels of carotenoids and the risk of AMD. These results therefore need to be confirmed in prospective or interventional studies. In addition, this study was not population based, and a selection bias of the study subjects may have occurred. All participants, however, were from the greater Beijing area and presumably had similar dietary patterns. Furthermore, confounding factors are always concerns in observational studies. We performed multivariate adjustments to take into account some of the known risk factors for AMD, but not all known risk factors are included, which may lead to confounding bias. Finally, serum levels of carotenoids reflect the more recent nutritional intake and provide only indirect information about the macular pigment density, the latter has a noticeably slower biological turnover. However, most studies found a positive and significant correlation between serum levels and macular pigment density, corroborating the use of blood-based biomarkers. 45, 53 In summary, we have shown an inverse association between serum levels of carotenoids and the presence of AMD in a sample of the Chinese population. These results suggest that higher levels of serum carotenoids, in particular zeaxanthin and lycopene, may be associated with a lower likelihood of having exudative AMD. The observed association of carotenoids with AMD in this study requires confirmation in longitudinal studies or clinical trials.
